We evaluated the cytotoxic effects of the debris apically extruded during root canal retreatment on primary human osteoblast (HOb) cells in vitro. TNF-α and IL-1β levels were also measured. We examined three different techniques: conventional hand-files, and Mtwo and Reciproc retreatments. Filled mandibular incisors were prepared for a cytotoxicity assay in an experimental root model. The material was divided into three groups according to the technique used. Ten teeth were used as control. HOb cells were exposed to the extruded content and cytotoxicity was evaluated using the MTT test (assessing cell metabolic activity). TNF-α and IL-1β production was also analyzed using enzyme-linked immunosorbent assay. Then, all the teeth were radiographed and the residual filling material was quantified. Data were subjected to analysis of variance (ANOVA) and Tukey's test (P < 0.05). The conventional hand-file technique was significantly more cytotoxic than the other methods (P < 0.05). Reciproc was less cytotoxic than Mtwo retreatment (P < 0.05). All endodontic retreatment techniques led to a significant upregulation of IL-1β levels (P < 0.05). However, only the conventional hand-file technique caused a significant increase in TNF-α levels (P < 0.05). Root-filling removal did not affect the levels of these proteins (P > 0.05). The Reciproc system required less time than the other two methods to remove the root-filling materials (P < 0.01). The endodontic retreatment with Reciproc was the least cytotoxic and the least time-consuming method of gutta-percha and sealer removal. (J Oral Sci 58, 211-217, 2016)
Introduction
The ultimate goal of nonsurgical endodontic retreatment is an optimal decontamination of the root canal system to trigger the healing process and re-establish healthy periapical tissues (1, 2) . Therefore, a complete removal of root-filling materials is important in the process of cleaning, shaping, and re-filling the root canal space (1) (2) (3) (4) .
During the past few decades, several techniques of root-filling material removal have been proposed, using manual instruments with or without chemical solvents, heat pluggers, ultrasonic tips, and rotary nickel-titanium (NiTi) instruments (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Recently, the reciprocating systems, originally designed for root canal preparation, have also been recommended for the removal of filling materials, as they allow advancing toward the apex. Single-file reciprocating systems are as effective as the conventional, multi-file rotary systems specifically designed for gutta-percha and sealer removal, yet they are faster (9) (10) (11) (12) (13) . However, regardless of the technique, irritants such as root-filling materials, dentin chips, irrig-ants, and microorganisms and their byproducts, usually extrude at least to some degree into the periapical tissues (11, (13) (14) (15) . Such debris might contribute to the postoperative inflammation and flare-ups or even cause apical healing failure (16, 17) .
Although some studies have quantified the apical extrusion of materials during the endodontic retreatment (11, (13) (14) (15) 18) , the biological effects of such extrusions are still poorly understood. Thus, we set out to examine the effects of the materials extruded during the endodontic retreatment on the human osteoblast (HOb) cells. To achieve this, the cytotoxic effects of three different techniques (conventional hand-file, Mtwo retreatment (VDW, Munich, Germany) and Reciproc (VDW)) were compared. IL-1β and TNF-α cytokine expression were evaluated. The cleaning efficacy (the amount of remaining filling material) and the time required for the root-filling removal were also recorded.
Materials and Methods

Sample selection
Sixty-eight human permanent mandibular incisors with a single canal and similar root lengths, were collected. Calculus on the external root surface and soft tissue remnants was mechanically removed. The samples were disinfected in 0.5% chloramine T, stored in distilled water at 4°C and used within 6 months of extraction. Digital radiographs were taken to determine the angle of curvature, using an image analysis program (AxioVision 4.5; Carl Zeiss Vision, Hallbergmoos, Germany) (19) . Only roots with the angle of curvature <10° and an initial apical size equivalent to a size-10 K-file (Dentsply Maillefer, Baillagues, Switzerland) were selected for the study (n = 40).
Straight-line access cavities were made and apical patency was determined by inserting a size-10 K-file into the root canal until its tip was visible at the apical foramen. The working length (WL) was 1 mm smaller than this measurement. Then, the foramen diameters of all specimens were standardized to a size-15 K-file (Dentsply Maillefer). The specimens were sterilized with ethylene oxide gas for 12 h using an Anprolene system at 74°C (Andersen Products Inc.; Haw River, NC, USA).
This study was approved by the Ethical Committee of Grande Rio University (#47448315.2.0000.5283).
Root canal treatment
Root canal procedures were performed under sterile conditions under a laminar flow hood. A single experienced operator (E.J.S.) instrumented all the root canals using the Reciproc system. R25 instrument (VDW) was moved in the apical direction using a slow in-and-out pecking motion of about 3 mm amplitude with a light apical pressure in a reciprocating motion until the WL was reached. After three pecking motions, the file was removed from the canal and cleaned. Irrigation was done using a 5 mL plastic syringe (Ultradent Products Inc., South Jordan, UT, USA) with a 30-gauge Endo-Eze tip (Ultradent Products, Inc.) placed passively into the canal up to 5 mm from the apical foramen. Aspiration was performed using SurgiTip (Ultradent Products Inc.) attached to a high-speed suction pump. A 5.25% sodium hypochlorite (NaOCl) solution was used as an irrigant and the smear layer was removed in 3 mL of 17% EDTA for 3 min. Then, the root canals were irrigated again with 1 mL of 5.25% NaOCl and dried with R25 paper points (VDW). They were filled with R25 gutta-percha cones (VDW) and AH Plus Sealer (Dentsply De Trey, Konstanz, Germany), using the continuous wave of condensation technique. Downpack was established 6 mm from the WL. After that, the cervical and middle thirds of the canals were filled with the aid of a McSpadden condenser (Dentsply Maillefer), and the access cavities were sealed with Cavit (3M ESPE, Seefeld, Germany). The sample was radiographed in buccolingual and mesiodistal directions to confirm the overall quality of the fillings; no sample was discarded. All specimens were kept at 37°C and 100% humidity for 6 months before proceeding with the endodontic retreatment.
Root model
The root model used in this study has been previously described (20) . Thirty sterile 1.5 mL polypropylene Eppendorf tubes were trimmed, 3 mm from their bottom ends. The roots were inserted into the tubes, with 5 mm of each root protruding through the opening. A rubber O-ring (0.8 cm in diameter) was then placed at the end of each tube and its position adjusted so that during the retreatment procedures, the apical portion of the root could be dipped into a well of a cell culture plate (Fig. 1) .
Culture of osteoblastic cells
HOb cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS) supplemented with 100 IU/mL penicillin (Gibco; Grand Island, NY, USA), and 100 mg/mL streptomycin (Gibco) at 37°C in a humidified incubator under ambient pressure in the atmosphere containing 5% CO 2 . Subconfluent cells in the primary culture were harvested after treatment with 1.25 mg/mL trypsin (Gibco). Cells were cultured in 6-well culture plates (Falcon; Franklin Lakes, NJ, USA) at a cell density of 3 × 10 5 cells/cm 2 for 24 h with 1 mL of DMEM containing 10% FBS. Then, the endodontic retreatment procedures were performed, using the previously described root model, with the apical portion of the tooth in contact with the cell medium. Cells exposed to the untreated teeth were used as a control group. During the culture period, cells were incubated at 37ºC in a humidified atmosphere (5% of CO 2 , and 95% of air).
Retreatment procedures
There were three experimental and control groups with 10 specimens in each. The samples were randomly distributed using a computer algorithm (http://www.random. org). To remove a potential operator bias, each specimen was labeled with a random 5-digit alphanumeric code corresponding to one of the three experimental or control groups. The groups represented the three different root-filling material removal techniques, namely the conventional hand-file, Mtwo and Reciproc retreatments. The control group was not subjected to any retreatment.
Conventional hand-file
The coronal third of the root fillings was removed with a size-3 Gates-Glidden drill (Dentsply Maillefer) at 1,000 rpm. After using the burs, 0.1 mL of eucalyptol (Biodinâmica, Paraná, Brazil) was introduced into the root canal for 30 s to soften the gutta-percha before further instrumentation. Then, the root canals were re-instrumented to the original WL with K-files (Dentsply Maillefer) up to size 40. After that, K-file sizes 45, 50, 55, and 60 were used in a step-back motion. Instruments were cleaned by insertion into a clean stand with a sponge (Dentsply Maillefer). A total volume of 25 mL DMEM was delivered during the retreatment procedures.
Mtwo retreatment
Removal root canal fillings from the coronal third (with eucalyptol used to soften the gutta-percha) was performed in the same manner as for the conventional hand-file group. Then, Mtwo retreatment files R15/0.05 and R25/0.05, and Mtwo rotary files (VDW) sizes 30/0.05, 35/0.04, and 40/0.04 were used with an electric motor (Silver; VDW). Torque and speed settings for each instrument were as recommended by the manufacturer. The files were applied using a gentle in-and-out movement, with short stroking/brushing motion in a coronal direction to the original WL. If the instruments failed to reach the WL after three strokes, they were removed from the canal, cleaned off by insertion into a clean stand with a sponge and then used again, up to the WL. A total volume of 25 mL DMEM was delivered during the retreatment procedure.
Reciproc system
The removal of root canal fillings of the coronal third using eucalyptol was performed in the same manner as in the conventional hand-file group. Then, the Reciproc files were used in a slow in-and-out pecking motion (with a 3-mm amplitude limit), combining gentle apical pressure with a brushing motion against the lateral root canal walls. After three pecking movements, the instrument was removed and its flutes were cleaned off by insertion into a clean stand with a sponge. An R25 file was used to remove the root fillings until WL was reached. This was followed by apical enlargement with an R40 file (VDW). A total volume of 25 mL DMEM was delivered during the retreatment. Root canals were re-instrumented in all groups until the canal walls became smooth, and no filling mate- rial was observed on the instrument. A total volume of 25 mL DMEM was delivered from a 5 mL disposable plastic syringe with a 30-gauge Endo-Eze tip placed passively into the canal up to 5 mm from the apical foramen, without binding. Aspiration was performed using a Surgitip attached to a high-speed suction pump. After irrigation, the canals were dried with paper points. A single experienced operator performed all root canal procedures.
Cytotoxicity assay
Cytotoxicity was evaluated using MTT test after 24 h exposure to the extruded material. MTT solution (Sigma, St. Louis, MO, USA) was prepared at the concentration of 1 mg/mL in complete medium just before use. A 1 mL aliquot of the solution was added to each well. The cells were incubated in a humidified atmosphere (5% CO 2 ) at 37°C for 4 h. After the incubation, the supernatant was removed and dark blue formazan crystals were dissolved in 1 mL of ethanol. The plates were then agitated for 5 min. The blue solution was transferred to the wells of a 96-well plate and the optical densities were read at 570 nm in a multiwell spectrophotometer (EPOCH; Biosystems). Cells exposed to untreated teeth were used as a control group. Moreover, cells were cultured only with DMEM/10% FBS (without contact with tooth samples) to confirm the absence of cytotoxicity in the control group.
Cytokine production TNF-α and IL-1β levels were analyzed after 24 h of cell exposure to the extruded material. Cytokine levels were measured in culture supernatants using an enzyme-linked immunosorbent assay kit (BD Biosciences, San Jose, CA, USA).
Gutta-percha removal assessment
Digital radiographs of the roots in mesiodistal and buccopalatal directions were obtained at a fixed distance of 10 cm. The images were processed using image analysis software (UTHSCSA Image Tool 3.0, San Antonio, TX, USA) to measure the areas of residual filling material and root canal walls. One blinded observer identified, outlined, and measured the areas of the remaining filling materials (gutta-percha/sealer) using a manual threshold. The percentage of the remaining filling material was calculated by dividing the area covered with filling material by the area of the designated canals, and multiplying it by 100 to obtain the average values from mesiodistal and buccopalatal directions (13, 21) .
Time required for gutta-percha removal
The time (in s) needed to complete the gutta-percha removal was recorded for each sample. The same operator timed all the irrigation and file changes procedures required for the retreatment.
Statistical analysis
As the preliminary analysis of the raw pooled data revealed a bell-shaped distribution (D'Agostino-Pearson omnibus normality test), the statistical analysis was performed using parametric methods. One-way ANOVA followed by post hoc pairwise comparisons was performed using Tukey's multiple comparisons. The level of significance was set at 5% set at 0.05. SPSS 11.0 (SPSS Inc.; Chicago, IL, USA) was used as an analytical tool.
Results
Cytotoxicity assay
No differences were observed between the control group and cells cultured without any contact with the samples (P > 0.05), which confirmed the absence of cytotoxicity in the control group of the root model. All retreatment procedures were cytotoxic to HOb cells (Fig. 2) . The conventional hand-file technique was significantly more cytotoxic than the other groups (P < 0.01). Reciproc exhibited lower cytotoxicity than Mtwo retreatment (P < 0.05).
Cytokine expression
All the endodontic retreatment techniques caused a significant upregulation in IL-1β production (P < 0.05), with no statistically significant differences between the groups (P > 0.05). Only the conventional hand-file technique caused a significant increase in TNF-α expression in comparison with the control group (P < 0.05) (Fig. 3) .
Cleaning efficacy
Some remaining root-filling materials were observed in all specimens. The mean area of residual gutta-percha and sealer was 7.3% in the conventional hand-file group, 8.7% in Mtwo retreatment, and 6.3% in the Reciproc group. No statistically significant differences (P > 0.05) were observed between the groups (Table 1) .
Time required for gutta-percha removal
Significant differences between the three experimental groups (P < 0.01) were found. The removal of filling material was the least time consuming in the Reciproc group (197 ± 24 s), followed by the Mtwo retreatment (388 ± 48 s), and the conventional hand-file technique (552 ± 141 s) ( Table 1) .
Discussion
Apical debris extrusion routinely produced in endodontic treatment and retreatment procedures might contribute to the discomfort and the post-operative pain (16) . The debris apically extruded during the primary and secondary canal treatment has often been reported (11, (13) (14) (15) 18, (22) (23) (24) . However, to the best of our knowledge, there is no study evaluating the cytotoxicity of the debris apically extruded during the endodontic retreatment. The main purpose of our study was to improve the overall understanding of the effects of such debris. We compared the cytotoxic effect of different rootfilling removal procedures (and, consequently, of the apically extruded debris) on the HOb cells. The procedures examined were the conventional hand-file method, and Mtwo and Reciproc retreatments.
Our results suggested that the conventional hand-file method caused more extrusion and, consequently, was more cytotoxic to HOb than the Mtwo retreatment and Reciproc techniques (P < 0.01) (Fig. 2) . These findings are in agreement with other debris extrusion studies (11, 18, 24) . The manual push-pull filing action of a K-file, which usually acts as a piston, carries a high risk of pumping the debris through the apical foramen and might explain such results (25) . However, the Reciproc retreatment caused lower cytotoxicity than the Mtwo retreatment (P < 0.05). This can be related to the fact that reciprocating systems extrude less apical debris than the conventional NiTi rotary endodontic retreatment systems (11) . Suboptimal instrument design, the number of files used, and movement kinematics of the various retreatment systems might explain the superiority of the reciprocating instruments (9, 11, 13) . While the Mtwo rotary retreatment system uses five files for root-filling removal, Reciproc uses only two files (R25 and R40). Even though the basic Mtwo retreatment system contains two files, a further canal refining is necessary to obtain reasonable cleanliness of the apical part of the root canal. Thus, Mtwo rotary files of size 30/0.05, 35/0.04, and 40/0.04 were used. In the Reciproc group, R40 was used after R25 to standardize the experimental conditions. Therefore, an apical enlargement up to a final size 40 was performed in all tested groups. Cytokines play key roles in the initiation and amplification of inflammation, and changes in the levels of these cytokines can be expected to correlate with cytotoxic effects (26) . In endodontics, IL-1β and TNF-α have been identified as inflammatory mediators implicated in the development of different patterns of clinical features, such as pain and bone resorption (27, 28) . As the debris extrusion products (the original root canal filling material associated with the solvent, eucalyptol) can have cytotoxic effects, they can also stimulate, to some degree, the inflammation in the cells. All the endodontic retreatment techniques tested here upregulated the expression of IL-1β. However, the conventional hand-file technique also increased the TNF-α expression, probably as a result of larger amounts of extruded debris. Although the production of these cytokines in response to endodontic materials has been examined before (27, 28) , this is the first study to evaluate the expression of cytokines after endodontic retreatment using an in vitro root canal model. The upregulation of pro-inflammatory cytokines such as IL-1β and TNF-α could indicate that, in vivo, large amounts of extruded material could be responsible for the inflammatory response, pain, and an increased osteoclastogenesis and bone resorption.
We have to take into account that Reciproc was not originally designed for the root canal retreatment. However, the Reciproc technique could be an effective approach to the removal of root-filling material; the instruments are highly flexible and make it possible to advance toward the apex (29) . Moreover, the marked taper of R25 and R40 instruments improves the overall shaping and thus allows a fast and effective root-filling removal.
No retreatment method removes the root fillings completely (4) (5) (6) 13, 18, 21, 22) . It is virtually impossible to obtain a completely clean canal space regardless of the technique used. We did not observe significant differences between the cleaning results achieved, using the different methods tested here. However, the Reciproc required less time to perform the retreatment than the other two techniques. This result is in accord with those previously reported (9, 13) .
Our results cannot be directly extrapolated to the clinical setting, mainly because of the absence of a physical backpressure provided by periapical tissues. This shortcoming of this type of in vitro experimental design, no periapical resistance, has been discussed in some previous studies (30, 31) . It is possible that the normal or pathological periapical tissues might act as natural barriers and limit an in vivo extrusion. There are some suggestions that the periodontal ligament might be simulated (e.g. with floral foam or agarose gel) (32) ; however, such systems could not be used for cytotoxicity screening.
Here, we used the HOb cells to test the cytotoxicity of the debris apically extruded during root-filling removal procedures. These cells are ideal for this type of assay due to their direct interaction with periapical tissues (33) . HOb cells might play an important role in counteracting the effect of extruded debris in the periapical region. The cytotoxic effects on the HOb cells can be a result of a gutta-percha, sealer, dentin, or solvent extrusion. We should also touch on another methodological issue: The use of DMEM as an irrigant instead of a solution with antimicrobial activity, such as NaOCl. We decided to use a biocompatible solution, because we used NaOCl as an irrigant in a pilot study and no live cells were found after 24 h. However, it is useful to note that the DMEM is not recommended as an endodontic irrigant during root canal procedures.
In conclusion, under the experimental conditions of this study, the endodontic retreatment using Reciproc system was less cytotoxic to HOb cells and required less time for root-filling removal than the other tested techniques. However, all the techniques tested here had similar cleaning efficacy.
